Introduction
The impacts of climate change for Pakistan's farmers are likely to be problematic for the food security of many rural households. Projections suggest that future temperatures in South Asia will increase by 2 − 3 • C between by the years 2046-2065. Rainfall is also predicted to be more erratic, with estimates indicating that annual rainfall will increase over time. Pakistan is expected to be one of the most affected of the countries in South Asia by climate change (Stocker et al., 2013) . The vulnerability of rural households in Pakistan has recently been highlighted by the experience of heavy flooding in 2010 and 2011. A key question for Pakistan's economy is whether farm-level adaptation is adequate to deal with the potential effects of climate change on future crop productivity.
With 45% of the labour force employed in the agricultural sector and 24% of national GDP deriving from agriculture (Government of Pakistan, 2010), the resilience of agricultural production is of high importance to the development of Pakistan's economy. At the same time, identifying effective means of adaptation for farmers is vital to lowering the costs of climate change (Fankhauser et al., 1999) . Since much of the burden of adaptation in agriculture will be put onto the shoulders of farmers themselves, it is crucial from both an academic and policy perspective to understand the factors that drive climate change adaptation behaviour and the impact of these practices on farm production. In addition, it is also important to study if there are short-term gains in terms of food security from undertaking climate change adaptation. If there exist such benefits in the short-term, the impetus to encourage adaptation from a policy perspective should be a primary condsideration for policymakers interested in immediate economic development goals.
The impact of adaptation on farm productivity outcomes has been studied by Di Falco et al. (2011) in Ethiopia. This paper used an endogenous switching regression model to show that farmers who had reported adapting to climate change were more food secure: adapters produced more than in the counterfactual case where they hadn't adapted. Similarly, predictions for non-adapters estimated that these farmers would gain as a result of adaptation. This framework has also been applied to study more specific forms of technology adoption in agriculture. Abduli and Huffman (2014) use the endogenous switching model in Ghana to study the impact soil and water conservation has on increasing the return to rice farming. Their findings suggest that adoption of these technologies improves household production and net revenue significantly.
Prominent methods to estimate the impacts of climate change on agriculture have primarily focused around the Ricardian approach suggested by Mendelsohn et al. (1994) and more recently the panel approach of Deschenes and Greenstone (2007) . One of the key downsides to applying these approaches, however, is their treatment of the role of adaptation. Both methods do not model adaptation directly. Explicitly modelling the role of adaptation in production is, thus, an important step in the literature. Moreover, it is emphasised by Di Falco (2014) that it is crucial to account for a range of ecological, social, and institutional factors that affect the farm-level adaptation decision.
This paper is the first to study the impact of climate change adaptation strategies in Pakistan. 1 We use a new cross-sectional data set collected in 2013 from a specifically designed survey of 1,422 farm households of Sindh and Punjab provinces. The study was constructed to understand how agricultural households in the major agricultural areas of Pakistan produce and look at how various household and institutional features affect production. The survey also collected detailed information on the range of adaptation strategies that farmers use to adjust to long-term environmental change. Farmers use a variety of different strategies to cope with the the vagaries of the climate in Pakistan. These include farm-level strategies such as crop switching, crop diversification, soil and water conservation. Additionally, households may engage in off-farm work in order to diversify farm income.
This paper contributes to the literature on adaptation and development by using the endogenous switching framework applied by Di Falco et al. (2011) to the context of Pakistani agriculture. The application of this method to the context of Pakistan differs substantially from the Ethiopian context. Firstly, the type of crops grown and the agro-climatic conditions differ substantially. Accordingly, analysis of the impact of adaptation is done by separately looking at the effectiveness of adaptation for a pooled set of crops and then separately for each different crop. Considering the impacts of adaptation for different crops is an important contribution since crops may be grown in different seasons and face different growing constraints. Similarly, climate change impacts may have differing effects on different crops. Agronomic constraints and farm management options are also likely to play an important part in determining how productive these crops are. We examine how robust adaptation is at increasing productivity across these different crops and seasons. Increases in average temperature may be beneficial for some crops or changes in precipitation may differ in importance across crops (Siddiqui et al., 2014; Sultana et al., 2009 ). In order the study the impact that adaptation has on rural livelihoods more fully, we separately study the impact that adaptation has on the productivity of wheat, rice, and cotton crops. These crops are the three most numerous grown by farmers in our sample and represent the most commercially important crops grown in Pakistan.
Secondly, studying agriculture in Pakistan requires consideration of a range of complex institutional factors that affect both the productivity of farmers and their incentives to apply techniques that may help them to adapt to climate change effectively. Accordingly, data was collected on land tenure arrangements and farmers' links to agricultural markets, factors highly important to understanding Pakistan's agricultural sector. We consider both the role that more conventional factors, such as extension services, may have and also the existence of a rich informal sector that includes the role of middlemen and land contracts.
We constrain our interest in this study to the importance of autonomous adaptation, which are adaptations to climate change undertaken by individuals. This type of adaptation is important given that many adaptation decisions are likely be done most efficiently if they are done so based on private interests (Mendelsohn, 2000) . While planned adaptations carried out by governments or other institutions may also be important at ameliorating the costs of climate change Lobell and Burke (2010) , we constrain our interest to autonomous adaptation.
Studying the effectiveness of autonomous adaptation, however, is complibeen conducted in the context of African agriculture. A useful review of these studies can be found in Di Falco (2014) .
cated due to the likely existence of factors that simultaneously contribute to a farmers decision to adapt and also how productive they are. For instance, it may be the case that farmers who are inherently more skilled, and who are more productive, have a better sense of a changing climate and be more likely to undertake adaptive measures. In this scenario, standard regression techniques used to estimate the impact of adaptation in productivity, such as ordinary least squares, will fail to take into account farmer skill and thus bias the impact of adaptation on productivity. The importance of incorporating selection into the adoption of agricultural practices has recently been highlighted by Suri (2011) who showed that heterogeneous returns and comparative advantage in technologies seems to explain adoption of new technologies in Tanzania. To account for the possibility of selection bias in adaptation, we employ an endogenous switching regression model. The endogenous switching model has a number of advantages in the context of our survey. First, and as previously discussed, it accounts for selection that can bias the parameter of interest in ordinary least squares. Secondly, it is based on the premise that unobservable factors to the econometrician may be influencing selection and outcome equations. Another program evaluation technique that could plausibly be used in the context of our data is Propensity Score Matching (PSM). The use of PSM relies on a number of assumptions that might prove restrictive in our setting, however. Primarily, the requirement of unconfoundedness implies all variables that affect both the treatment and outcome must be observed (Caliendo and Kopeinig, 2008) . The stringency of this assumption means that the implementation of the PSM method is invalid if unobservable characteristics of farmers simultaneously affect selection into adaptation and production. Since the endogenous switching method allows for selection on unobservables, we use this method to analyse the impact of adaptation on productivity. The remainder of the paper is structured as follows. Section 2 describes the survey and the variables used in the paper. Section 3 outlines the empirical specification of the study and then Section 4 presents the results. Finally, Section 5 briefly discusses implications of the results and concludes.
Data

Survey Description
This paper uses data collected during April-June 2013 from a detailed household survey designed to specifically address the determinants and impact of climate change adaptation for agricultural households in Pakistan. In total, 1422 households were surveyed.
The survey region stretched across the provinces of Sindh and Punjab, the two most important areas for agriculture in the country. Importantly, survey sites were also spread out over differing agroclimatic growing areas. Figure 1 plots a map of Pakistan's agroclimatic zones and shows the zone in which each survey site falls. The sampling of our survey covers four areas: Barani (rainfed) agriculture in Punjab; cotton and wheat in Punjab; cotton and wheat in Sindh; and rice growing in Sindh. In Sindh, responses to the survey were gathered in villages across the districts of Sangar, Sukkur, and Larkana. In Punjab, the districts of Chakwal, Rawalpindi, Rahim Yar Khan, and Jhang were selected as sites. Detailed data were collected on a number of different aspects crucial to the analysis of the impact of climate adaptation practices.
As a preliminary to the survey, a reconnaissance study was carried out in December 2012 to identify appropriate sites and to hold a series of focus group meetings. In total, 120 households took part in 18 focus groups that were held in 3 villages. Using information obtained from these meetings, a detailed household survey was designed. The total sample of farmers were then surveyed by a team of trained enumerators. Survey modules on household characteristics, production, inputs, institutional features and adaptation practices were collected as part of the survey.
On-Farm Adaptation to Climate Change in Pakistan
Of primary importance to the survey is determining whether farmers have previously adapted in response to climate change. Farmers in the the survey were asked, "How has your household adapted to cope with climatic changes?". Adaptation strategies were then grouped into categories. These were alterations in crop timing, crop switching, agricultural inputs, adoption of soil or water conservation, income diversification or public infrastructure. We now discuss these strategies as possible adaptations to climate change.
One adaptation could be to change to the time that crop planting takes place. For instance, to counter rising temperatures, farmers could shift planting to cooler times of the year (Sultana et al., 2009) . Similarly, changes in long term precipitation patterns would mean that it would be optimal for farmers to plant seeds earlier or later, depending on when the seasonal rains arrive.
Another important adaptation strategy is changing the variety or type of crop grown. For instance, a farmer facing an increased likelihood of drought may switch to faster maturing varieties of the same crop or may could switch into a different crop that is more tolerant to lower water availability (Lobell and Burke, 2010) . The efficacy of crop switching to adapt to climate change has been studied by Kurukulasuriya and Mendelsohn (2008) using a Ricardian framework. They find that the crop switching can significantly lower the costs Farmers may also change the input mix they apply to crops in response to past or expected climate change. A shift in temperature or precipitation patterns may make it optimal to alter the amount of productive inputs such as fertiliser, pesticides or water that are applied to crops.
The next group of adaptations are the adoption of soil and water conservation technologies. Increased temperatures and more erratic rainfall may have significant impacts on state of both soil and water in Pakistan. Higher temperatures are likely to increase the rate at which water is lost from the soil, meaning that farmers will have to exert more effort into maintaining soil moisture. In addition, increased heavy rainfall would increase the amount of soil erosion placing greater emphasis on the need to invest in techniques lessen these impacts. The availability of water is crucial to the resilience of Pakistan's agricultural sector. Qureshi et al. (2010) argue that the exploitation of groundwater resources has enabled farmers to increase production levels and also cushion themselves against some of the low rainfall. Qadir et al. (2014) , however, highlight the unsustainability of water management in the Indus Basin by studying the impacts of soil salinity on crop yields and argue that agricultural productivity losses due to salt-induced land degradation are a growing concern across in Pakistan. Thus, accounting techniques that farmers use to conserve soil quality and keep crops suitably irrigated is a crucial aspect of adaptation to climate change in Pakistan.
For the present study, our interest is on the impact of autonomous, on-farm adaptation measures on productivity. We define an adapting household as one that has reacted to climate change by changing farming practices. To study this, we constrain our definition of adaptation to exclude income diversification.
Finding new sources of income may well be an integral strategy that farmers use to cope with climate change. However, the benefits of income diversification to on-farm productivity are not immediately clear, so we do not include this in our measure of adaptation. Similarly, since our interest is in the impact of autonomous adaptation, we further exclude public infrastructure investments in our definition of adaptation. Such planned adaptations could include government investments in large-scale infrastructure such as damming. Planned adaptations, however, are not part of the farmers adaptation choice set. We therefore exclude adaptation strategies that are classified as such. Table 1 shows how farm-level adaptation is spread across the different survey sites and regions. On-farm adaptation here is defined as a dummy variable, denoted Adapt, set equal to 1 if farmers have undertaken at least one of the on-farm practices in response to perceived changes in climate. This variable equals zero if a farm household has not undertaken any on-farm adaptations. In Table 1 we clearly see that there exist significant differences in adaptation across regions. Punjab has a much lower proportion of adapters when compared with Sindh, where over half of households engage in adaptation. It is also interesting to note the difference in the propensity to adapt in different districts in our sample. In Punjab, for instance, adapters vastly outnumber non-adapters in Rahim Yar Khan. However, in Rawalpindi the number of non-adapters is much higher than the number of adapters. In Sindh province the pattern of adapters versus non-adapters is remarkably similar across survey sites. 
Variable Description
We now turn to the variables included in the empirical analysis. Table 2 displays the mean values of variables used in the analysis. These summary statistics are displayed for both the adapting group of farmers and the non-adapters. The final column in Table 2 shows the difference in means between the two groups of farmers. We collected the data at the crop level to allow for a high level of detail in the responsiveness of crop yields to inputs. Since a number of crops are simultaneously grown by farmers in an agricultural season, it is crucial to determine accurate production functions at the crop level. 2 We see that adapters are on average more productive than non-adapters from the difference between average yields of adapters and non-adapters. It can be seen that adapters appear to be more intensive in their use of inputs than non-adapters: their use of key farm inputs such as pesticides, urea, DAPSOP and seeds tends to be higher. The use of technologies such as tubewells and canals, and also mechanisation, proxied by access to a tractor, is seen to be higher amongst adapters.
Household characteristics also appear to differ between adapters and nonadapters. For instance, average household size is larger for adapters. The composition of the household may also be important to the adaptation decision. Education is often cited as a key determinant of the adoption of new agricultural technologies (Jack, 2011) . We include measures of household education such as whether the head is literate and the average education of the household. Mean values for a variable measuring the proportion of females in a household suggest that adapting households have a higher proportion of females than nonadapting ones. Numerous studies have cited the difficulty of obtaining credit as a crucial factor in determining the ability of farmers to adapt to climate change in other settings (Deressa et al., 2009; Maddison, 2007) . Credit markets are an important feature of Pakistan's rural agricultural economy owing to the range of different types of lenders that offer credit (Aleem, 1990) . Differential access to credit may be an important determinant of adaptation given that a number of adaptations require significant up-front investment that may have to be leveraged with credit. From Table 2 it appears that adapters use credit somewhat more than non-adapters.
A crucial aspect in the decision to conduct on farm adaptation may be the existence of off-farm substitutes for farm work. We include a dummy variable that indicates whether a household is engaged in off-farm labour. From a simple difference in mean between adapters and non-adapters, we see that a higher proportion of non-adapters are engaged in off-farm labour. In a similar vein to off-farm labour, the ownership of livestock may affect the decision to adapt. Livestock may act as an alternative income source. It does, however, appear that adapters own more livestock on average. Given the heavy losses endured during recent flooding in Sindh and Punjab, the experience of extreme events may condition whether farmers adapt to climate change. On the one hand, experience of extreme events may prime the farmer to the possibility of such events in future. On the other, extreme events may have prolonged effects impacts on the farmers ability to conduct adaptation. To measure the effects of such extreme events we include dummy variables indicating whether households have experienced flooding or drought in the past 15 years. The summary table suggests that experience of flooding and drought is marginally higher for households that have adapted to climate change.
The final variable included in household characteristics is a dummy indicating whether a household owns their land. This variable is included to test whether tenancy is an important institutional determinant of adaptation. Different forms of land rights may affect the decision to adapt. For instance, Jacoby and Mansuri (2008) link investments in land improving practices with the security of tenure. Additionally, the survey shows that a number of different tenancy regimes exist, from pure ownership to sharecropping. Similarly, Ali et al. (2012) show that investments in land and productivity in Punjab are lower for leased relative to owned land. According to this view, it may be expected that variation in tenure arrangements might affect the incentive for some farmers to invest in adaptation measures that require significant up front investment.
The survey data is also matched with climate and weather data from the Pakistan Meteorological Department. The data is based on monthly averages of temperature and precipitation spanning the years 1990-2012. We use monthly data climate and weather data to generate seasonal aggregates. The seasonal nature of weather is of particular importance to this study due to the analysis of different crops. In the analysis, variables are split separately into climate and weather. The climate variables represent long term averages of weather taken from 1990-2013. The weather variables correspond to meteorological readings in the year that farmers were surveyed about their agricultural activities. Climate variables are important in determining the agricultural yield potential of farmers. What crops farmers are able to grow and when crops are generally planted are determined by climate variables. We see that there exist significant differences in average climatic conditions between adapters and non-adapters. We see that adapters are more likely to experience high temperatures and less rainfall.
A set of dummy variables measuring where farmers get their information about farming practices from are also included. Since adaptation may involve prior knowledge about the how the climate is changing or what practices can be used to successfully adapt to climate change, inclusion of information variables are important for the analysis. Farmers may learn about technologies in a variety of ways and from different sources. Formal extension services may be one way in which farmers learn about new farming information. Earlier work by Hussain et al. (1994) concludes that the Training and Visit extension programme in Pubjab in the late 1980's was successful at encouraging the adoption of new agricultural technologies. Information may also be spread more informally through groups of neighbouring farmers or relatives. A number of studies have examined how peers affect farmer adoption of new technologies (Conley and Udry, 2010; Foster and Rosenzweig, 1995) . Farmers-to-farmer connections may be important for both farmers expectations of future climate (Maddison, 2007) . It is also important to consider the role that informal institutions play in spreading agricultural information the rural economy. One such example is the role of middlemen. By providing a link between the market and farmers, middlemen may play a part in the information set of farmers. They also play an important role as buyers of produce and sellers of inputs and often engage in the supply of credit and farm inputs (Lohano et al., 1998) . Popular presentations of middlemen in Pakistan portray them as exploiting smaller farmers by charging below the market rate on produce. 3 . As is noted by Haq et al. (2013) in their study of 'arthis' in the Punjab, however, middlemen play a number of different roles and these roles vary across different crops. For instance, for the wheat crop middlemen are less prevalent due to lower input needs and lower credit needs from farmers after the returns from previous Kharif harvest. Similarly, wheat is a food crop for many farm households and farmers only sell what is in surplus to their annual consumption requirements. The relationship between the middleman and the farmer is also important. Thus, crops like cotton that are higher in input needs and not used as food crops are more profitable for middlemen. In this study we allow for the role of the middleman as a factor in farmers decisions about adaptation. Middlemen may play a key role in disseminating information to farmers and thus could affect how willing a farmer is engage in adaptation. Similarly, farmers who farm on rented land may get extensive information on practices from their landlord. The inclusion of a dummy variable if a household gets information from a landlord will thus measure if landlords affect the adaptation decision of households.
Crop Types
An important part of this study is the separate estimation of the success of adaptation on different crops. In contrast to Di Falco et al. (2011) , who estimate a model using an aggregation of five major crop types, we study wheat, rice and cotton crops separately. Aggregation over multiple crops may be advantageous for a number of reasons. Firstly, the 'overall' impact of adaptation on food security can be measured. Secondly, this approach implicitly allows for the possibility that farmers may switch crops as a means of adaptation. Aggregation of different crops into a single production function, however, may have significant disadvantages to studying food security of households. 4 Primarily, aggregation may confuse analysis when growing conditions differ significantly or inputs are used differently. This would be less of a problem for inputs such as labour, which can be more easily transferred across cropping activities, but may be less realistic for inputs such as water which may be used diversely on different crops. Similarly, the seasonal nature of production in Pakistan over the Rabi and Kharif seasons may also complicate the interpretation of an aggregated production function. To account for this, we estimate separate regressions for each crop and test whether the impacts of adaptation differ between crops.
The primary crop grown in our sample is wheat. According to FAO (2013), 80% of farmers in Pakistan grow wheat and the crop makes up around 37% of energy intake. Wheat production takes place over the Rabi (winter) season when temperatures and rainfall are lower. The lack of rainfall places importance on the need for good irrigation during this season. The production of wheat is thus of central importance to the agricultural sector. Yields of wheat, however, are low based the the agro-ecological potential of the growing environment. A lack of suitable irrigation infrastructure and access to productive inputs are argued to be behind persistent low yields (FAO, 2013) . There is also a significant amount of variation in the varieties of wheat grown across Sindh and Punjab. Different varieties may be more suited to location-specific agronomic factors. Smale et al. (1998) use district-level data from Pakistan's Punjab to show that the diversity of wheat varieties grown is synonymous with higher yields and lower variance of yields in rainfed areas. The implications for wheat yields in the face of climate change are important to whether farmers adapt. If yields are expected to be negatively affected, the need for adaptation will be more pressing. Sultana et al. (2009) use agronomic crop models to predict the impacts of climate change on wheat yields across different climatic zones in Pakistan. They conclude that increases in temperature will decrease wheat yields in arid, semiarid and sub-humid zones, although increases in temperature could increase yields in humid areas. The authors also explore the possibility of adaptation by shifting growing to cooler months and conclude that this might be an effective adaptation to mitigate the effects of increases in temperature. Siddiqui et al. (2014) estimate the yield response of district-level wheat to temperature and precipitation changes in Punjab. They conclude that projected climate change would have a non-negative impact on the production of wheat.
Rice is one of the most important Kharif crops grown in Sindh and Punjab. It is important as both a food crop and also a cash crop. Its growth requires access to a good water supply to irrigate the crop during the hot summer months. Since high summer temperatures are already experienced across rice growing areas, the effects of increased temperatures are projected to harm rice production as temperatures get more extreme (Siddiqui et al., 2014) .
According to ITC (2011), Pakistan was the world's fourth largest cotton producer in 2009-10. However, despite the importance of cotton as a major cash cash crop in the economy, its growth is limited by the already high summer temperatures that occur during the summer growing season. Further heightened temperatures brought on by climate change would place greater stress on cotton growth. Siddiqui et al. (2014) find that cotton yields are likely to be adversely affected by climate change in the Punjab.
Methodology
Model
To model the impact of adaptation on farmer productivity an endogenous switching model is employed. The model has been applied to the study of climate adaptation and food security by (Di Falco et al., 2011) 5 .
We assume that farmers are risk neutral in their decision-making and therefore maximise expected benefits in making their adaptation decision. Accordingly, farmers are split into two regimes depending on whether they have adapted or not. The production functions for the adapters and non-adapters take the following econometric form:
The outcome variables y i represents the crop yield. The vector X i contains the full set of production inputs, as well as household characteristics and information sources. We also include a set of weather and climate variables that may affect the productivity of farmers. Additionally we model the decision for a farmer to undertake adaptation. This is done by specifying the selection equation as
where the binary adaptation variable A * i takes the value of one if the farmer has adapted and zero if not. Z i is a vector of farm inputs, characteristics, information sources and weather and climate variables, that may influence the net benefits of the adaptation decision. Also included is a set of variables to capture farmers perceptions of climate change. This includes a set of variables detailing how farmers perceive the climate to have changed.
Since it is assumed that farmers are risk-neutral profit maximisers, we expect the decision to undertake adaptation to be carried out if the expected benefits are positive. Thus, if
The endogenous switching approach is preferable to an ordinary least squares approach to estimating the impact of adaptation when the presence of unobservable factors play a part in simultaneously affecting the adaptation decision and the productivity of farmers. If the econometrician is unable to explain all of the factors that affect the net benefit of adaptation to farmers, then resulting estimates obtained via OLS may be biased. It may be the case that farmers who are inherently more skilled in farm production are also more likely to adapt to climate change. Since a factor like farmer skill is hard to accurately control for, it will be left out of the list of explanatory variables. If skill is positively correlated with productivity and adaptation, then the impact estimate of adaptation will be biased upward by the presence of omitted unobservables. The impact of adaptation on productivity will therefore be overstated by ordinary least squares.
In the switching regression model, selection bias would manifest itself in the error terms and ω. Since farmer skill is unlikely to be captured by the explanatory variables, the error terms of the production and selection equation will be correlated such that corr( , ω) = 0.
In the endogenous selection model, farmers are split into regimes depending on whether they have adapted or not.
As mentioned, selection may lead to correlation between the the errors in the production equations and the error in the selection into adaptation equation. The covariance matrix Σ contains the three error terms 1i , 2i and ω i . These are assumed to be distributed with trivariate zero mean and that take the form:
where σ 2 ω represents the variance of the selection equation's error term. Similarly, the variances of the production equations are represented by σ 2 1 and σ 2 2 . σ 1ω and σ 2ω are the covariances between production regimes 1 and 2 respectively. Since the outcomes of regimes 1 and 2 are not simultaneously observed for each farmer, the covariance between the two production equations are not specified and are represented as simply with a dot (.).
Because of the presence of selection bias, the expectations of the error terms for the two production regimes will be nonzero conditional on whether farmers have adapted or not. Thus, conditional on sample selection, the expected error terms can be expressed as follows:
13 where φ and Φ are standard normal probability distributions and standard normal cumulative distributions respectively. The terms λ 1i and λ 2i are interpreted as inverse Mills ratios (Heckman, 1979) . These are then included in the production equations as explanatory variables to account for any selection bias.
The correlation between the error terms of the production and selection equations are shown as correlation coefficients,
and
The significance of the estimated correlation coefficients indicate the presence of selection bias. In the case where ρ 1 or ρ 1 are significantly different from zero, it can be concluded that there is evidence of sample selection in adaptation.
The estimation of the parameters of the model are estimated using full information maximum likelihood. This involves the simultaneous estimation of both the selection and production equations. This method of estimation is superior to two-step estimators which are inefficient in deriving standard errors (Lokshin and Sajaia, 2004) .
Treatment Effects
Of primary interest to this study is the overall impact of adaptation on productivity. To estimate this impact, we adopt a treatment effects framework. Adaptation is defined as the treatment variable which can take discrete values 0 or 1, where D = {0, 1}. In order to calculate treatment effects of adaptation on the outcome variable Y i , following Heckman et al. (2003) , we first define the outcomes for adapters and non-adapters as:
The above equations represent the observed outcomes for the adapters and non-adapters. The switching regression framework can also be used to estimate counterfactual outcomes for adapters and non-adapters. For instance, the counterfactual for the adapters is the scenario where they don't adapt, and vice-versa for non-adapters.
The impact of adaptation can then be set in the generalised treatment effects framework, where the treatment effects of adaptation can be calculated for adapters and non-adapters. The average predicted effect of adaptation on those that adapted is calculated by the average treatment effect on the treated (ATT),
The predicted impact of adaptation on those that did not get treated can also be calculated by the average treatment effect on the untreated (ATU), defined as
Identification
In order for the estimation of the impact of adaptation on productivity to be valid in the switching regression, we need a suitable set of selection instruments that correlate well with the decision to adapt, but do not play a role in how productive farmers are. As selection instruments, we use the set of variables that describe farmers' perceptions of how the climate is changing.This set of variables includes perceptions of long term changes in average temperature and rainfall, and also other climatic trends that are important to Pakistan's farmers such as the onset of the rainy season and night time temperatures. We argue that these variables are likely to be good instruments since perceiving that the climate is changing should be a strong predictor of adaptation, but not how productive farmers are, conditional on the set of productive inputs and household characteristics.
In Table 3 we test the validity of the selection instruments. We see that the perception variables are significant drivers of the adaptation decision: their joint significance is high (χ 2 = 56.53). Although we cannot directly test the exclusion decision that perceptions of climate change are not correlated with unobservables in the productivity equation, we use a method of falsification suggested in Di Falco et al. (2011) . This involves testing whether perception variables are jointly significant in the productivity equation for non-adapters. The f-statistic of joint significance is 1.08 which is not significant at the 10% level. This suggests that perception variables are not significant drivers of productivity. Table 4 displays the results from a probit regression run with the binary adaptation indicator as the dependent variable. Since adaptation is measured at the household level, the table shows which household characteristics affect the probability of adapting to climate change. A number of factors are significantly associated with the propensity for farmers to adapt to climate change at the household level. It seems that increased land size has a slight positive effect, suggesting larger households are more likely to adapt. A particularly strong result is that households with a higher proportion of females are much more likely to have adapted. Interestingly, it seems that households with members working off-farm are less likely to adapt, suggesting that there might be a trade off between on-farm and off-farm adaptation. Extreme weather events are also linked to adaptation, with previous exposure to flooding meaning farmers are less likely to adapt. Since flooding is unlikely to be an extreme event that farmers can adapt to on-farm, we probably would not expect to see this positively affecting adaptation. Given that we in fact see a negative effect of flooding may be indicative of the prolonged effects of flooding on the ability of households to invest in adaptation measures. In contrast, previous exposure to drought suggests a higher probability of adaptation. It could be argued that drought is an extreme event that could be handled better on farm. Depending on the severity of drought, measures such as changing input use or even switching crop types or varieties could be viable strategies. Thus, drought may induce households into adapting to climate change. There is also evidence that the ownership of land is significantly associated with adaptation, in that households that own land relative to households that rent or sharecrop land are more likely to adapt. This is preliminary evidence of the effect of land tenure on profitable investments, according with previous work by Jacoby and Mansuri (2008) and Ali et al. (2012) . It also appears that climatic factors may play a role, with a higher average amount of rain received in the Rabi season predicting lower probability of adaptation. Of high importance to policy is the impact that information services have on the probability of adapting. There, however, appears to be only one significant informational effect. This seems to happen through farmerto-farmer interaction. Farmers that use other farmers to garner information on agricultural practices are more likely to have adapted in our sample.
Results
Household Determinants of Adaptation
Productivity Regressions
Ordinary Least Squares
To first discern the impact of adaptation on crop productivity, we run ordinary least squares regressions on a set of control variables including inputs, household characteristics, and weather and climate variables. To measure the impact of adaptation, we include a dummy variable in each equation equal to one if the households adapts and zero otherwise. The dependent variable is the crop yields (maunds per acre) 6 and is our measure of productivity. Table 5 displays the output from four OLS regressions. The first column is for the pooled sample of crops and the remaining columns present the results for each separate crop. Our parameter of interest is the coefficient on the variable Adapt. We see that for the pooled, wheat and cotton samples, the impact of adaptation, conditional on the set of control variables, appears to have positive effects on crop productivity. The impact of adaptation for rice farmers in our sample, however, does not appear to be statistically different from zero. The magnitude of the coefficients is such that adaptation is estimated to have a ??, ?? and ?? percentage point increase for the pooled, wheat, and cotton crop respectively.
Examining the control variables included in the regression, we see that all of the statistically significant inputs have the expected positive sign. Fertiliser, labour, water and farm mechanisation (tractor) are important determinants of productivity for most of the different crops. Household characteristics also seem to have some important productive implications. There is evidence of households with more land being less productive in cotton production and larger households in terms of number of dependents being less productive in rice. Credit also seems to be associated with lower productivity as is seen by the negative coefficient on this variable for cotton. The negative sign on the variable indicating households have experienced drought is also negative, suggesting that drought might have long-term productive impacts for wheat farmers.
Looking at the weather and climate variables, it is clear that these variables appear to have no discernible impact on the the productivity of farmers. This is probably due to two factors. Firstly, the regional fixed effects could be soaking up the impact of these variables due to the lack of spatial variation in the weather and climate variables. Secondly, including both weather and climate variables may have a cancelling out effect on each other.
We also evidence that information variables are correlated with productivity outcomes. It appears that farmers who rely on peer and media information tend to be less productive. Interestingly, the relationship between middleman information and yield seems to vary across crops. For wheat it appears that middlemen are associated positively with yields. For rice, however, it appears they are strongly associated with lower yields.
Endogenous Switching Regressions
Tables 6 -9 show the output from the endogenous switching regression models. Table 6 shows the regression results for the pooled sample of wheat, rice and cotton crops. For non-adapters, the production inputs are generally statistically significant. Interestingly, irrigation variables are very important determinants of productivity for non-adapters in the sample, whereas irrigation is not shown to be significant for adapters. This is probably indicative of differences in farmtypes, in that farms that do not select into adaptation have better access to irrigation. In terms of household characteristics, we notice that an increased percentage of females in a household is not associated with higher productivity for the adapters. This could be explained by the differences in gender roles in farm household production. This result accords with other studies that find female farm labour to have lower productivity than male labour. For adapters, it seems that the experience of recent drought has a negative relationship with productivity, which is suggestive of long-run effects of low water availability on farm production. The credit dummy variable is negative for non-adapters suggesting that low productivity farmers are more reliant on credit. For non-adapters experience of drought and floods has productive implications, with households having experienced flooding being more productive and those having experienced drought less so. Land tenure is also important, since for non-adapters owned plots are more productive on average.
The last column in Table 6 displays the estimates of the decision to undertake adaptation for the pooled sample. The dependent variable Adapt takes the value of 1 if farmers have adapted and 0 if not. We see that soil quality is positively related to adaptation. Larger households are also more likely to adapt. Interestingly, households with a higher proportion of females are positively associated with adaptation, suggesting that household composition may affect the decision to adapt. Experience of extreme weather events, in this case drought, is positively associated with adaptation suggesting previous experience of such an event may induce households into adapting. Although temperatures in the Kharif appear to be significant, we note that the weather and climate variables appear to cancel each other out in terms of magnitude, indicating a neutral effect of climate effects on adaptation for the pooled sample. None of the informational variables appear to be significant in the pooled sample, but as we will see, this arises because information has different effects on different crops, and so in aggregate these factors cancel. Finally, climate perception variables are important for the decision to adapt. Changing precipitation and less cold spells patterns suggest greater propensity to adapt. In contrast, farmers who thought that temperatures had decreased were less likely to adapt. Those who perceived the onset of the hot season to have changed were less likely to adapt. Overall, these perception results suggest that climate and climate perception have a complex relationship with agricultural activities in Pakistan.
The column labelled Rho is included in the regression output to test the assumption of unobservables affecting productivity and the decision to adapt. For the adapters, the coefficient is negative and significant which indicates positive selection bias, suggesting that those with higher unobserved productivity were more likely to adapt. The significance of this term supports our choice of method that accounts for unobservable factors.
For the wheat crop in Table 7 , it is shown that yields are significantly affected by a number of agronomic and socioeconomic factors. Pesticides and water is shown to have positive effects on yield for adapters and non-adapters respectively. Household supply of labour is also important for productivity for both groups. Household characteristics may also affect how productive farmers are. For the adapters, it seems that previous household experience of extreme natural events, such as flood, are negatively associated with yield. More females in the household also reduces productivity for the adapters. Seasonal weather variables are shown to have strong impacts on yields. It is shown that high Kharif (summer) rainfall is of particular importance to the Rabi (winter) crop. We note here that the use of climatic data is not without its issues. Estimated coefficients can sometimes be very large. This seems to reflect difficulty in observing enough variation within study areas. As a test of robustness we omit all weather and climate variables to test for confounding effects on other variables. The coefficients change very little both in terms of magnitude and significance if these variables are excluded. Under the heading Information are included variables related to how farmers get information on farming practices. These variables are shown to be significantly associated with productivity of farmers. Those that rely solely on media for their information seem to be less productive, suggestive of lack of access to good information significantly reducing productivity for adapters and non-adapters. Interestingly, we notice that in the adapter's column, middlemen are associated with higher productivity outcomes. Although exactly how middlemen affect productivity cannot be ascertained from this model, this result suggests that there seems to be some matching between high productivity farmers and middlemen. This may be in accordance with the finding by Haq et al. (2013) that middlemen are not as prevalent in wheat production due to low margins and may choose to deal with farmers who are more productive.
The last column in Table 7 models the determinants of the adaption decision. A number of factors seem to be related to the adaptation decision. The use of more inputs seems to correlate with adaptation. For the household variables, a higher percentage of females in the household increase the likelihood of adapting. As was seen in the pooled regression, experience of drought seems to strongly increase the impetus to adapt. There is also some evidence to suggest that rainfall in the Kharif affects adaptation but the overall impact of rainfall is not clear owing to weather and climate variables going in opposite directions. The perception variables are not particularly strong predictors of adaptation in the wheat sample. Only farmers that perceive temperature to have decreased are evidenced as having a lower propensity to adapt. In accordance with the result from the pooled sample, the negative and significant Rho is indicative of positive selection bias into adaptation in the wheat sample: higher productivity wheat producers are more likely to adapt.
Yields for rice plots show a number of patterns that affect productivity in Table 8 . There is evidence that fertiliser (Urea) is important for non-adapters as is the application of manure. Access to both household and hired labour is shown to be highly important for both adapters and non-adapters, suggesting that labour intensity is an important determinant of rice yields. Water-use also seems to be important, although the use of tubewell technology does not seem to be associated with increasing yield. The use of modern farm technology, such as tractors, is shown to be beneficial to rice production productivity for non-adapters. Both the variables household size and the proportion of females are correlated with lower yields. For adapters, we see that access to credit is significantly associated with higher productivity, speaking to credit's role in farmers being able to buy high quality and invest in farm improvement. An important result is that the ownership of land is associated with higher yields for both samples, indicating that rented or sharecropped farms are less productive than farms owned by the household. This accords with the finding by Ali et al. (2013) and Jacoby and Mansuri (2008) who find that rented land is farmed less productively. Disentangling the influence of climate on rice yields is difficult in this regression owing to the counteracting tendency of weather and climate variables. It does, however, seem that higher Rabi seems to have important positive effects on production, as would be expected for rice growing. For the information variables, there seems to be a complex relationship. Peer information seems to be good for productivity, while media and landlord information suggest lower productivity. The negative relationship between landlord information and productivity lends further support to the importance of tenancy as a negative factor to productivity. Interestingly, we also notice that the influence of middlemen seems to vary between adapters and non-adapters.
Turning to the determinants of adaptation for rice farmers, we see that households with more land are more likely to adapt. Crucially, it appears that credit constrained households are less likely to adapt. Since that adaptation may require costly up-front investment, credit may be very important in enabling farmers to have the resources to adapt. The impact of land ownership on adaptation is negative in the selection equation, suggesting that land owners are less likely to adapt for rice. For the weather and climate variables, it seems that high Rabi rainfall is associated with a higher probability of adapting. It also seems that information services for farmers may not be that effective at bringing about adaptation. The negative sign on the Extension Services variable suggests that this source of information is not effective at bringing about on-farm adaptation. Finally, we note the significance of Rho which suggests that, as with the wheat sample, farmers with higher unobserved productivity are more likely to adapt.
The increased use of nitrogen fertiliser, urea, is suggestive of higher yields for both adapters and non-adapters. Inputs such as manure, labour and water are also shown to be important for productivity, as is access to a tractor. For characteristics of the household, it is notable that the use of credit services is shown to be related to lower overall yields. Whilst credit is an important way for farmers to obtain inputs over the agricultural season, this result suggests that use of credit is primarily used by farmers with lower productivities. This contrasts with the results for rice which suggests credit is beneficial for yields. More work needs to be done to ascertain how credit is used differently across cotton and rice farmers. Work by Aleem (1990) highlights how complex credit markets are in Pakistan's rural economy. Other household factors such as flood, drought and off-farm work also appear to affect yields in different ways. Interestingly, the impact of land ownership seems on productivity seems to vary across adapters and non-adapters.
For the determinants of adaptation in the final column of Table 9 , we see that larger households are more likely to adapt. Interestingly, we note that literacy does not seem to imply more adaptation; rather literate farmers are less likely to adapt. We continue to see the result that more females in the household are conducive to adaptation. Past extreme weather events also seem to matter, with flood experience positively related.
Impact Estimates
The results in Tables 10 -13 show the impact of adaptation in terms of yield. Using the endogenous switching framework, counterfactual results are estimated to predict the impact of adaptation. For farmers that adapted, a counterfactual is constructed to model yields had these farmers not adapted. Conversely, for those farmers who did not adapt, predicted yields are estimated had they decided to adapt. The differences between yields under adaptation and non-adaptation are denoted as the ATT for adapters and by ATU for the non-adapters. Table 10 shows these scenarios for the pooled sample. For adapters, it is predicted that adaptation is associated with increased yield a comparison of the observed adapting yield with the counterfactual on-adapting yield suggests an increase of 7%. This result compares in magnitude with the estimate from the OLS regression. As discussed earlier, the estimate from the switching regression is likely to be more robust given that there may be heterogeneity between adapters and non-adapters and selection bias. For non-adapting farmers the yield without adaptation is much higher than the predicted yield with adaptation suggesting large gains for non-adapters if they adapted.
For wheat growers in Table 11 , we see a similar pattern to the pooled sample. Adapters are predicted to have gained by around 12% from adapting. The impact estimate for adapters is also of comparable size to the estimate from the OLS regression. Non-adapters are predicted to gain in terms of yield by close to 50%.
For farmers growing rice in Table 12 , the impact for gain from adapting for adapters is 3%. However, this result is statistically insignificant suggesting that adaptation practices for rice growers have had negligible effect on productivity. This is echoed by the OLS prediction that shows up as insignificant. Nonadapters are predicted to have a lot to gain from undertaking adaptive measures, increasing their yields by as much as two-thirds current yield.
Estimated yields for cotton farmers show that adapters do not gain by about 9% by using adaptation practices. However, as with the estimated impacts on non-adapters for the other crops, non-adapters seem to have high gains in productivity from adapting, with around a 50% yield gain to be realised if they adapt.
Conclusion
Ascertaining whether there exist productive gains to farmers from adapting to climate change is of high importance. Many studies have emphasised the costs of climate change on agriculture and have often not adequately analysed the role of adaptation. Given the estimated negative impact of climate change on Pakistan's agricultural economy, understanding the possibilites for adaptation is a highly pertinent topic. Studying adaptation is also of high importance if we consider that short-term productivity is crucial to immediate development goals. Strategies farmers use to adapt to climate change may have considerable benefits if deployed right now.
Using data from a specifically designed survey of agricultural households in Sindh and Punjab we estimate that there do exist positive productive gains from implementing adaptation strategies. For wheat and cotton farmers, estimated yields are 12% and 9% higher for the farmers that adapted in our sample. Yield gains from adaptation in rice, however, are seen to be not significantly different from zero. The predicted gains for the farmers that did not undertake adaptation are large in comparison. According to the model, if this set of farmers adapted, their average yields would be larger than those of the adapters for all crops. Overall, the results suggest that adaptation to climate change is likely to be beneficial to farmers in the short-term. The size of these estimated gains for non-adapters necessitates more work to understand why these gains exist. It is possible that these results hide differences in regional characteristics that are not captured in the econometric specification or are the result of institutional factors that constrain the ability of farmers to undertake profitable strategies.
An important part of this paper was to discover what factors were associated with the probability of farmers adapting to climate change. At the household level, it was seen that higher composition of females in households significantly increases the probability of adaptation. Experience of extreme events also affects adaptation: drought increases the probability of farmers adapting while flooding reduces the probability. Household members undertaking work off-farm were also seen to be less likely to adapt, suggesting there may be some trade-offs between on and off-farm adaptation. There was also some evidence that institutional features play a role: households owning land relative to those who rent are more likely to adapt. The pattern of the adoption of adaptation strategies is more complex when disaggregated by crop. These results highlight the importance of considering the various crop-specific opportunites and constraints to adaptation in Pakistan.
A number of policy implications arise from this study. Firstly, we have observed that, on the whole, adaptation strategies deployed by farmers have a positive short-term influence on productivity. Thus, it is important from a policy point of view to encourage farmers to make decisions that will help them adapt to climate change. It was found in this paper, however, that current information sources available to farmers appear not to be effective at distributing information relevant to encouraging adaption behaviour in farmers. Policy should recognise that targeting resources into accurately informing farmers about climate change and appropriate adaptations is likely to be beneficial for food security. Secondly, it has been seen that adaptation decisions are associated with a number of factors that affect how able farmers are to adapt to cliamte change. Specifically, there is evidence that institutional features such as credit, land tenure, and the presence of middlemen affect both the adaptation decision and productivity of farmers. Understanding the exact role that these institutions play is important given that adaptation requires farmers to make long-term decisions. Further work needs to be done to establish how these complex institutions affect the costs and benefits of adapting to climate change. R. Mendelsohn, W. Nordhaus, and D. Shaw 
